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Evidence of a dominant Maki-Thompson process in the fluctuation conductivity of 

Bi-2212 superconducting whiskers 
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We report the measurement of the a-axis fluctuation conductivity in zero field for 
Bi2Sr2CaCu2 08+a: microcrystals. A good geometrical characterization and an original method for 
data analysis allow to determine its temperature behaviour to a high accuracy. The correct appli- 
cation of the complete fluctuation theory [A. A. Varlamov et al, Adv. Phys. 48, 655 (1999)], with 
a minor correction for the k factor, leads to the conclusion that the anomalous MT term is the 
most important contribution throughout the whole temperature range of interest. More traditional 
alternative interpretations of the experimental data are also investigated and their inconsistency 
is demonstrated. This implies an s-wave symmetry for the order parameter and could provide a 
physical mechanism for the preformed pair scenario. 

PACS numbers: 74.40.+k, 74.20.De, 74.25. Fy, 74.72.Hs 



I. INTRODUCTION 



The additional contribution to the normal state con- 
ductivity due to Cooper pairs formed above T c (Act, 
also called paraconductivity) was theoretically investi- 
gated for the first time by Aslamazov and Larkin (AL), 1 

who obtained for 2D systems Act^l = lfws 5-1 ) where 
e = T ~ Tc and d is the thickness of the 2D layer. Soon 
after, Maki and Thompson (MT) 2 '- calculated other two 
leading contributions (one regular and one anomalous) 
to the paraconductivity, showing that decayed pairs can 
scatter on an impurity potential as much as they were 
still paired. These contributions explain fairly well ex- 
perimental data for low T c superconductors^ but the 
problem is still open for high T c materials. From the 
theoretical point of view, Dorin et al^> pointed out the 
necessity of taking into account also the fact that elec- 
trons involved in fluctuating pairs cannot take part in 
ordinary conductivity, therefore suppressing the quasi- 
particle density of states (DOS). Recently, a comprehen- 
sive model consisting of the AL, the MT and the DOS 
terms was formulated, which includes also a slight modifi- 
cation in the numerical coefficient for the MT anomalous 
term&i On the experimental side, the relative impor- 
tance of each contribution, especially of the MT terms, 
has long been debated. The leading role of the AL contri- 
bution is presently generally accepted and the DOS term 
is believed to be a comparable correction. About the MT 
terms, their contribution was reliably investigated only 
recently, after that the importance of the DOS term was 
completely understood £ These experiments, performed 
both in a magnetic fielo-LiSiiiiiSii 3 . and in zero field^2ii4 
share the conclusion that the MT process is unimportant. 
The purpose of the present work is to show that an accu- 
rate analysis of the zero-field paraconductivity measured 



in ideal experimental conditions can lead to very differ- 
ent conclusions, setting the anomalous MT term as the 
most important throughout the whole temperature range 
of validity of the superconducting fluctuation model. It 
is worth noting that the anomalous MT term is the only 
one whose presence or absence could have implications 
about the symmetry of the order parameter wavefunc- 
tion, due to the fact that it cannot exist in the case of a 
pure d-wave symmetry. 15 



II. EXPERIMENTAL 

Our experiment was performed by using microscopic 
whisker-like single crystals of P^S^CaCr^Os+z (Bi- 
2212) grown by the method of the glassy plates oxygena- 
tion. These crystals grow with the a-axis aligned with 
the length direction, the 6-axis in the width direction 
and the c-axis along the thickness. Typical crystal sizes 
are 1 mm in length, 10 /im in width and 1 /iin in thickness 
and it has already been demonstrated that this kind of 
samples shows a considerably lower density of defects in 
comparison with bulk ones>iSiii The fact that in Bi-2212 
the oxygen diffusion occurs essentially in the a&-plane 
with the highest rate along the a-axis direction^ 8 which 
is also the direction with the largest crystal size, makes 
it very likely that the small volumes intended for the in- 
vestigation of the excess conductivity in our experiment 
(maximum size of about 300 x 6 x 1 /xm 3 ) are homoge- 
neous from the point of view of the oxygen doping or, 
at least, more homogeneous than the volumes tested in 
experiments on bulk samples. 

Eleven crystals were mounted onto sapphire substrates 
and silver plus gold electrodes were evaporated on their 
top surfaces to obtain a chip suitable for standard four- 
probe resistivity measurements. The details of the sam- 
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pie preparation have been reported in a previous paper— 
and resulted in a typical contact resistance rs 20, corre- 
sponding to a specific resistance « 10 -6 O • cm 2 . 

Since we were interested in the absolute measurement 
of the paraconductivity, a lot of attention was paid to 
the sample geometrical characterization. All sizes in the 
length direction were measured by means of SEM com- 
parisons with calibrated standards, while crystal widths 
and thicknesses were measured by scanning the crystal 
length in a series of AFM maps, each of them about 
22 x 22/im 2 large. This procedure, along with the elec- 
trical characterization, allowed to select very regularly- 
shaped single phase crystals for further analysis. At the 
end of this stage, only 2 nearly perfect samples survived. 
Their sizes are reported in TableQ] one sample (WI3C_1) 
shows a 78 nm growth step, so that its cross section cor- 
responds to two neighbouring rectangles. It should be 
noted that the uncertainties in the thickness are quite 
large, even if care was taken to exclude the regions corre- 
sponding to the submicron droplet-like impurities located 
on the top of the crystals. 19 Actually, the uncertainties 
in the sample geometry (as 10%) are the major sources 
of error for this study and a special procedure was de- 
veloped to overcome this problem, as it will be explained 
below. 
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FIG. 1: Temperature behaviour of the resistivity p a in the 
a-axis direction for sample WI3B_1 (curve (a), solid circles) 
and WI3C_1 (curve (b), open circles). The feeding currents 
were I = 1/uA for sample WI3B_1 and I = 2[iA for sample 
WI3C_1. The vertical error bars associated to each data point 
are not shown for clarity. The inset shows the reciprocal of 
the paraconductivity Act as a function of the temperature. 
Solid lines represent the fits to the pure 2D AL formula. 



TABLE I: Relevant sizes for samples WI3B_1 and WI3C.1. L 
is the total crystal length, Ax the distance between midpoints 
of voltage contacts, W is the crystal width and t the thickness. 
WI3C_l(a) and WI3C_1 (6) refer to the two parts in which 
the growth step divides longitudinally the crystal (see text). 



Sample 


L(fim) Ax((jxa) 


W(jjm) 


t(p,m) 


WI3B_1 


1486.3T2.8 300T3 


6.35 ±0.26 


1.10T0.08 


WI3C_l(o) 


1499T23 129±8 


3.26±0.15 


0.680±0.021 


WI3C_1 (b) 




2.86±0.13 


0.758 ± 0.024 



Fig. H shows the temperature behaviour of the resis- 
tivity along the a-axis (p a ) for the two samples. The 
resistivity was obtained by four-probe voltage measure- 
ments considering the distance between the electrode 
midpoints. In fact, the analytical treatment by Esposito 
et alm& has shown that the disentaglement of the in-plane 
(pab) an d out-of-plane (p c ) resistivity components occurs 
for L S> 7ry Pc/ Pab t, which is within our experimental 
range, and the corresponding expression results in rela- 
tive corrections for our samples below 4 • 10~ 7 , that can 
be neglected. The measurements were collected on sam- 
ple warming in steps of 0.5 K every 130 s; no care was put 
in screening the Earth's magnetic field. The average of 
the readings collected in 10 subsequent current reversals 
at the rate of w 1 Hz was performed in order to cancel 
the thermal emf's, with a temperature stability for the 
sample of ±0.01 K during each reading cycle. A conser- 
vative estimate of the absolute voltage error gave 60 nV, 
corresponding to a maximum relative error of about 0.2% 
in the temperature range used for the paraconductivity 



III. DATA ANALYSIS AND DISCUSSION 

The first step in studying the paraconductivity 
Acr(T) = l/p a (T) - 1//9™(T) is the determination of 
the normal resistivity p"(T), which is usually supposed 
to be linear in T. The validity of this behaviour down 
to T c is suggested by the value of the Debye temper- 
ature 9 D « 255K for Bi-2212i2i This implies a ra- 
tio T c /Q]j w 0.3, which corresponds to a temperature 
range where no deviation from linearity is observed in 
the most common metals. The problems involved in 
this assumption have been often overcome by the mea- 
surement of the in-field paraconductivity Aa(B,T) = 

l/f) a (B, T) - l/p 8 (0, T), 8 ! 9 ! 10 ! 11 ! 12 ! 13 ! 22 ! 23 ! 24 ! 25 ! 26 ! 27 but ill 

principle a drawback in this approach is the possible pres- 
ence of ordinary magnetoresistance effects, which add to 
superconducting fluctuations. — On the other hand, it has 
been recently reported^ that the simple assumption of 
a linear T dependence leads to the same conclusions. In 
our resistivity data no deviation from the linearity was 
detected down to T w 160 K, below which only a down- 
wards curvature was observable. For prudential reasons, 
we chose to define the normal resistivity p"(T) as the 
low temperature extrapolation of the best linear fit for 
the experimental data corresponding to T > 210 K. All 
the analyses were repeated also for linear fits down to 160 
K and, consistently, no significant difference was found. 
The part of the paraconductivity data corresponding to 
the temperature range near T c is shown in the inset of 
Fig- n in the form of its reciprocal Act _1 (T). 

The experimental data were fitted to the full fluctua- 
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tion theory in zero field 



6.7 



Aa = Aa AL + Aa DOS + + Aa^ 



where 



Actal 



1 



Aa 



16fis y/ £ ( £ + r) 
2 ■ 2 



DOS 



A (an) 
MT 



2hs 



k In 



£ + \/e + r , 



Ahs (e - 70) 



In 



70 + V70 + r 



A, 



r ( r °g) 

MT 



2hs 



-k In 



n + y/s + r 



(1) 

(2) 
(3) 
(4) 
(5) 



Here s is the spacing of the 2D superconducting lay- 
ers in the c-axis direction, e = In (T/T c ) is the reduced 
temperature, r (T) = —2J 2 T 2 a/h 2 is the anisotropy pa- 
rameter, 70 (T) = — ra/r^ is the phase-breaking rate and 



47T-T/C B T 



2-K-Tk B T 



1p" 



k(T) = 



with J as the hopping energy between neighbouring lay- 
ers, t the quasiparticle scattering time, the phase- 
breaking time and a given by the equation: 



paraconductivity itself Aa (T) , which has a large rela- 
tive error of about 10 %, almost completely due to the 
geometrical uncertainties and therefore temperature in- 
dependent, but on the non- normalized paraconductivity 
Aa' (T) = Aa ■ (S is the sample cross section) , which 
shows a random relative error varying between 0.5% and 
1.3% in the temperature range used for the analysis. 
Only subsequently the results were translated to the val- 
ues for Act, when necessary. It should be noted that, 
strictly speaking, the temperature behaviour of Act' (T) 
is not exactly the same as Aa (T) because of the tem- 
perature dependences of 5* and Ax, which are due to the 
thermal expansion. However, an estimate based on the 
linear expansion coefficients measured in Ref. gives 
for the relative difference between the two quantites a 
maximum value of 0.15 % throughout the temperature 
range used in the analysis. Therefore it can be stated 
that, within our experimental accuracy, Aa' (T) retains 
all the information concerning the temperature behaviour 
of Act (T). 

The preliminary trials showed both that the dirty limit 
(AitrkBT/h <C 1) was not self-consistent and that the 
clean limit (A-KTksT /H^ 1) was not fully developed, 
so that the general intermediate case had to be imple- 
mented, which required the tabulation of the digamma 
function ip(x) in steps of 10 -4 . 



a(T) 



1> 



ATrrksT 



AurksT 



For k we used the value calculated in Ref. [3 

^(i + 5sfer)+^U) + isfer<(i) 



k(T) 



The only independent parameters of the theory are s, 
J, t and T0; besides, also the effect of the variation of the 
T c value must be carefully examined, to take into account 
the broadness of the transition. 

In order to obtain a first estimate of T c , instead of 
the mathematically complex model described above, we 
used the pure 2D AL law to fit the Ac -1 (T) data near T c . 

Since (Acr^) = for T — T c , we extrapolated to zero 
the best fits shown in the inset of Fig. ^ obtaining T c — 
77.9 ± 0.6 K and T c = 76.1 ± 0.6 K for samples WI3B_1 
and WI3C_1, respectively. Incidentally, one can note that 
in this simple model the slope of Aa~ x (T) is related to 
the thickness d of the isolated 2D superconducting layer, 
so that d can be deduced from the experimental data. 
This gives d = 6.7 ± 0.6 A and d — 4.1 ± 0.4 A for sample 
WI3B_1 and WI3C_1, respectively, implying a sample- 
dependent thickness of the superconducting layer. 

Coming back to the full fluctuation theory, it should 
be noted that the identification of a proper random er- 
ror with the minimum possible size is crucial, in order to 
achieve the necessary numerical sensitivity in the anal- 
ysis. Therefore the analysis was not performed on the 




FIG. 2: Contour plots of the reduced chisquare % 2 = xVd.o.f. 
in the (s,T c ) plane for sample WI3B_1 (a) and WI3CU (b). 
d.o.f. = 18 for both samples. Contiguous lines are variably 
spaced. 
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By inspecting the paraconductivity expressions shown 
in Eqs. ©~©! it can be noted that T c acts as a normal- 
ization factor for the abscissa axis through the definition 
of e, while s does the same for the ordinate axis, since 
it can be factorized in all the terms. This suggests a 
correlation between s and T c , implying that a good pro- 
cedure for the fits consists in fixing a priori these two 
scale factors while leaving all the other parameters as 
free. Therefore we selected a proper temperature range 
of the experimental data, fixed s close to the expected 
value and T c close to the estimated value, and then per- 
formed the fit to Act' (T) determining the best fit values 
of the J, r and parameters, together with the cor- 
responding minimum value of the reduced chisquare x 2 ■ 
By systematically varying s and T c , this procedure was 
able to obtain the contour lines of the minimum x 2 and 
of the best fit values of J, r and in the (s, T c ) plane 
for each sample. 

The MINUIT routines were used to carry out the \ 2 
minimization by means of both the gradient and the 
Monte Carlo method, in order to be aware of both the lo- 
cal and the absolute minima in the parameter space. Ac- 
tually, when two practically equivalent x 2 minima were 
present, only the one corresponding to the shortest 
was selected for conservative reasons, so that all the fits 
satisfy the double criterium of both the least x. 2 and the 
least t,)). 

The contour plots for x 2 are shown in Fig. [21 It is 
apparent that both samples show a wide minimum which 
is much more sensitive to the variations of T c than of s. 

In Figs. |3 El an d El the contour plots are presented 
for the best fit values of r^, r and J, respectively. These 
results confirm the relatively low dependence on the value 
of s; the dependence on T c is also rather weak for and 
r, while J shows much stronger variations. 

It is worth stressing that the fit results are very similar 
for both samples, confirming the reliability of the analy- 
sis. Because of the minor influence of the s parameter, 
we subsequently decided to fix s =15 A, as expected from 
the crystal structure. The corresponding behaviours for 
all the relevant quantities are compared in Fig. Has a 
function of T c . 

The x 2 minima can be clearly appreciated. We defined 
a x 2 minimum as the region where x 2 < 0.5. Therefore, 
the T c of each sample was defined as the center of the 
X 2 minimum and the corresponding uncertainty was as- 
sumed as its half-width. This resulted in T c = 78.5 ± 0.4 
K and T c — 76.2±0.1 K for sample WI3B_1 and WI3C.1, 
respectively, which are both within the T c ranges esti- 
mated in a preliminary way by means of the pure 2D AL 
law. The estimates of r^, r and J were defined as the 
parameter values corresponding to the T c evaluated for 
each sample, while the respective uncertainties were de- 
termined as the maximum deviations from the estimated 
values throughout the whole uncertainty range allowed 
for T c . These results are summarized in Tableland the 
corresponding best fits are shown in Fig. \7\ together with 
the measured Act data reported as a function of e. 




8(A) 

FIG. 3: Contour plots of the phase-breaking time in the 
(s,Tc) plane for sample WI3B.1 (a) and WI3C_1 (b). Labels 
are in units of 10 -12 s. 



TABLE II: Best fit parameters deduced from fitting the ex- 
perimental data of both samples to Eq. Q. 



Sample 


T e (K) 


t> (1(T 12 s) 


r (lCT 14 s) 


J(K) 


WI3B.1 


78.5±0.4 


1 1+ 1 ' 5 

ia -0.3 


-i 77+0.01 
L - 1 1 -0.04 




WI3C_1 


76.2±0.1 


3.0±0.6 


9 77+0.03 
z - ' ' -0.05 


14±? 4 



From the point of view of the experimental re- 
sults, it should be noted that, as far as comparisons 
are possible, our data show the same qualitative be- 
haviour already reported for Bi-2212 whiskers single 
crystal q 14 '?^? 1 '? 2 and thin filmsj2£ and for YBa 2 Cu 2 07_5 
(YBCO) epitaxial thin films as welli^i In particular, 
they share with previous results the order of magni- 
tude of Act near T L 12 i 14 i 2 7i? 2 , the fact that Act is sam- 
ple dependent 13 i 14 i 22 i 2 7i 29 i 3 "i 31 i 32 i 34 i 35 and the same de- 
pendence on the cross section already shown in Bi-2212 
whiskers ~ 

From the point of view of the fits, it is apparent 
that the theory excellently fits the data of both samples 
in a rather large reduced temperature range: 0.021 < 
e < 0.148 for sample WI3B.1 and 0.026 < e < 
0.155 for sample WI3C_1. About the parameter val- 
ues, we note that J and r are consistent with previ- 
ous reports for Bi-2212, 10 i n i 14 i 24 i 26 i 36 while the r val- 
ues are, to our knowledge, the largest ever observed on 
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s(A) 



FIG. 4: Contour plots of the quasiparticle scattering time r 
in the (s,T c ) plane for sample WI3B.1 (a) and WI3C.1 (b). 
Labels are in units of 10 -14 s. 
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s(A) 

FIG. 5: Contour plots of the hopping energy between adja- 
cent layers J in the (s, T c ) plane for sample WI3B_1 (a) and 
WI3C_1 (b). Labels are in units of Kelvin degrees. 



any HTSC compound, 8 ! 9 ! 10 ! 11 ! 12 ! 13 ! 14 ! 22 ! 23 ! 24 ! 25 ! 26 ! 36 Cor- 
respondingly, the anomalous MT terms exceed all the 
other contributions of at least a factor 2 over the whole 
temperature range, therefore reassessing the commonly 
accepted hierarchy. 

In order to clarify the reason for this discrepancy with 
the previous literature, we subsequently supposed the 
Maki-Thomson contribution to be negligible and tried 
to fit the experimental data to the truncated formula: 

Act = Actal + Actdos , (6) 

while retaining the same definitions for all the other 
quantities, included r and k, which are valid for the gen- 
eral intermediate case. 

The preliminary trials performed with the previously 
described fitting procedure showed in this case a much 
stronger dependence of x 2 on the s values and pointed 
out that no reasonable value of x 2 was achievable neither 
in the s ss 15 A nor in the s ~ 5 A region. Therefore we 
slightly modified our procedure by fixing a priori only 
T c and allowing s to vary as a free parameter, which did 
not increase the number of free parameters with respect 
to the full theory case because of the disappearing of r^. 
As a consequence, in this case only a scanning of the 
T c axis was performed by fixing its values in the range 
indicated by the pure 2D AL law. In this way we found 
that it was actually possible to obtain a good fit for the 



experimental results in the reduced temperature ranges 
0.017 < £ < 0.09 and 0.026 < e < 0.10 for sample 
WI3B_1 and sample WI3C_1, respectively. These fits are 
shown in Fig.|Hlfor the best possible choices of T c and the 
corresponding values of x 2 and of the other parameters 
are listed in Table ITTT1 

TABLE III: Best fit parameters corresponding to the fit of 
experimental data of both samples to Eq. (|SJ in the general 
intermediate case. \ 2 = % 2 /d.o.f., where d.o.f. = 10 for sam- 
ple WI3B.1 and d.o.f. = 9 for sample WI3C.1. 



Sample 


Tc(K) 


x 2 


.(A) 


r (10- 14 s) 


J(K) 


WI3B.1 


78.24 


0.183 


0.45 


0.56 


616 


WI3C.1 


75.63 


0.169 


0.15 


1.43 


500 



It is clear from Fig. |H1 that for this theoretical law the 
DOS contribution is significant, ranging from 45% to 84% 
of the AL term thoughout the fitted temperature range 
for the two samples. Table ITTT1 shows however that in this 
approximation reasonable values of x 2 and r are accom- 
panied by very problematic values of s and J. In fact, 
to our knowledge, only Bjornangen et alM> have reported 
compatible values for J and no study has ever obtained 
similar values of s, which appear to be very hard to rec- 
oncile with the Bi-2212 crystal structure. In our opinion, 
this implies that this description of the paraconductivity 
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FIG. 6: Behaviour of x 2 , T>, r and J along the s =15 A sec- 
tion of the (s,T c ) plane for sample WI3B_1 (a) and WI3C_1 
(b). x 2 , t$, t values are referred to the left axis, J is referred 
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FIG. 7: Best fits of experimental data to Eq. Q for sample 
WI3B_1 (a) and WI3C_1 (b). Fits are represented by solid 
lines, single contributions by dashed and dotted lines, as in- 
dicated. Negative terms (i.e. DOS and MT (rog) ) are plotted 
in absolute values. The corresponding parameter values are 
reported in Table HTI 
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FIG. 8: Best fits of experimental data to Eq. in the 
general intermediate case for sample WI3B_1 (a) and WI3C_1 
(b). Fits are represented by solid lines, single contributions 
by dashed and dotted lines, as indicated. The DOS term 
is plotted in absolute value. The corresponding parameter 
values are reported in Table UTTl 



behaviour is not acceptable. 

As a further step in bridging the gap between previous 
results and ours, we tried to fit the experimental data to 
the truncated formula of Eq. J^J in the clean limit, which 
implies to change the general definitions of r and k for 
the intermediate case into: 



r(T) 
k(T) 



7C(3)J 2 
8ir 2 (k B T) 2 

8TT 2 {k B TT) 2 

7((3)h 2 



and 



(8) 



respectively, where £(x) is the Riemann zeta function. 
The absolute temperature T range and the procedure of 
the fit were exactly the same as for Eq. © in the inter- 
mediate case, which has been shown in Fig. [S] Fits with 
reasonable values of x 2 could be achieved in this limit, 
too. The parameter values and the curves corresponding 
to the best possible choice of T c are displayed in Table HVl 
and Fig. respectively. 

TABLE IV: Best fit parameters corresponding to the fit of 
experimental data of both samples to Eq. (JSJ in the clean limit 
case. \ 2 = xVd-o.f., where d.o.f. = 10 for sample WI3B_1 
and d.o.f. = 9 for sample WI3C.1. 



Sample 


Tc(K) 


x 2 


-(A) 


r (10- 14 s) 


J(K) 


WI3B.1 


77.86 


0.142 


6.4 


0.95 


1.6 


WI3CU 


75.49 


0.561 


2.9 


1.73 


1.2 



It is apparent that all the values in Table IIVI seem 
to be acceptable in this case. In particular, the J val- 
ues are compatible at least with others reported for Bi- 
2212 single crystals^ for (Tl,Hg) 2 Ba 2 Ca 2 Cu 3 Oio +(5 sin- 
gle crystals^ and for Tl 2 Ba2CaCu208+ !y single crystals^ 
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FIG. 9: Best fits of experimental data to Eq. JSJ in the clean 
limit case for sample WI3B_1 (a) and WI3C_1 (b). Fits are 
represented by solid lines, single contributions by dashed and 
dotted lines, as indicated. The DOS term is plotted in abso- 
lute value. The corresponding parameter values are reported 
in Table HYI 



Moreover, it should be considered that the scanning of 
the T c axis revealed that in this case J was the param- 
eter most sensitive to the choice of T C) describing J vs 
T c curves very similar to the ones shown in Fig. so 
that the values reported in Table IIVI should be consid- 
ered as lower limits for the J values, the upper ones being 
about 20 K and 27 K for sample WI3B_1 and WI3C_1, re- 
spectively. This makes such results agree also with some 
others already reported for Bi-2212ii2iiiiS& As far s is con- 
cerned, the results appear to be sample dependent and 
resembling the ones that can be extracted by applying 
the pure 2D AL formula near T c , as it was done in the 
inset of Fig. ^ In spite of the fact that they have no defi- 
nite correspondence with the crystal structure, they agree 
with the values reported in previous studies of Bi-2212 
thin films2£ and whiskers^ The values for r listed in 
Table llVl are very common and reasonable, too, and the 
combination of these parameters results in a remarkable 
decrease of the importance of the DOS term with respect 
to the intermediate case: for the clean limit approxima- 
tion the DOS contribution ranges only between 10% and 
32% of the AL term for the two samples. Therefore it 
could be stated that the AL process is dominant and 
that the DOS term is only a correction, with no need of 
the Maki-Thompson process to explain the experimental 
data, which is the hierarchy commonly accepted between 
the various paraconductivity contributions. 

Nevertheless, it is very important to stress that the 
only difference between Fig. [8] and Fig. El lies in the defi- 
nition of the coefficients r and k. In order to be allowed to 
use the definitions of Eqs. J7J- JSJ one must be in the clean 
limit, which means ^irrksT ' jh ^> 1. Using the results 
listed in Table llVl it can be calculated that AnrksT '/H = 
1.24-1.34 for sample WI3B.1 and ^Tk B T/h = 2.21-2.38 
for sample WI3C_1, over the temperature range used 



for the analysis. These results are quite far from the 
clean limit and imply that it cannot be applied in a self- 
consistent way to the interpretation of the data. There- 
fore this intepretation has to be rejected, so that the only 
satisfactory way to account for the data is the full the- 
ory in the intermediate case represented by Eqs. 0-0, 
Fig. Hand Table HH 

At the same time, the comparison between Fig. [S]and 
Fig.[§]clarifies the important role played by the coefficient 
k in the theory in order to discern the importance of the 
different processes. Consequently, a similar influence for 
the coefficient k can be suspected and for this reason we 
repeated the fits for the full theory in the intermediate 
case using the T c values corresponding to the x 2 minima 
listed in Table [D] The procedure was exactly the same 
used to obtain also the other parameter values reported 
in Table ITIl except for the definition of k, which followed 
the formula published in Ref. 0. A decrease by 38% 
was observed in both samples, together with an increase 
of t (29-38%) and a decrease of J (20-50%), but these 
changes are not large enough to significantly modify the 
hierarchy between the contributions: the anomalous MT 
terms are only slightly reduced (less than 5%), the AL 
terms increased by less than 4% and the DOS term in- 
crease, even if important (32-35%), does not allow to 
equal the anomalous MT contribution. The most impor- 
tant effect in using the formula of Ref. 6 was the reduction 
of the regular MT terms, which were depressed by 62- 
69%, as expected both from the additional 1/2 factor and 
from the increase of r in the ip"(l/2) coefficient of k. The 
fits showed that almost all of this reduction was counter- 
balanced by the only other negative term, i.e. the DOS 
term, which increased accordingly. Therefore the correc- 
tion in the definition of the coefficient k seems to play 
only a minor role in our results. 

Once ascertained the correct interpretation of the data, 
in order to crosscheck our results, we computed £ c (0) = 
sy/r (T c )/2, obtaining £ c (0) = 0.8 A and f c (0) = 0.4 
A for samples WI3B_1 and WI3C_1, respectively. Such 
values are in general agreement with previous experi- 
ments on Bi-2212i 27 i 30 i 37 i 38 Also the Fermi level E F can 
be estimated in the Drude picture from p™ and the micro- 
scopic parameters, via the formula Ep = H 2 2tts/ (e 2 Tp"). 
This gives 1.4 eV and 1.1 eV for samples WI3B_1 and 
WI3C_1, respectively, which have to be considered as up- 
per limits of the real values, because of the assumption of 
a cylindrical Fermi surface underlying the theory. Nev- 
ertheless, these energies agree fairly well with a previous 
analysis of the same kind on thin films' Moreover, the 
same picture provides carrier densities n = m* / (e 2 Tp™) 
about 1.5-1.9 -10 21 cm' 3 for the two samples, if the 
bare electron mass is assumed for the effective carrier 
mass to*. This estimate lies in the same range of a 
determination by chemical methods^ and within a fac- 
tor of 2-3 from the results obtained by Hall coefficient 
measurements42i2ii^. 

The results of our analysis listed in Table [H] imply 
that A-i^rksT /h=2. 3-4.0, confirming that the clean limit 
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AirrkBT/h >• 1 is not fully developed for these sys- 
tems. We also note that t^/t «60-110, therefore ful- 
filling the requirement > r for the inelastic vs elas- 
tic scattering and showing that about one hundred scat- 
tering events are required before the MT pairs are de- 
stroyed. The comparison between the phase-breaking 
70 and the anisotropy r parameters shows that w 

1.2- 1.8 and therefore neither the weak (<C 1) nor the 
strong (>■ 1) limit can be considered for the pair break- 
ing intensity. We obtain for the interlayer tunnelling 
rates J 2 r/h 2 m 0.9-3.7 TO 11 s" 1 and for the phase- 
breaking rates t^ 1 ~ 3.3-8.7 -10 11 s _1 . Therefore, the 
ratio between the two rates, t^ 1 /(J 2 t/H 2 ), is about 

2.3- 3.6, so that the condition for incoherent tunnelling 
along the c-axis 

(t-7(J 2 t/^ 2 ) > 1) holds, although 
only marginally. Consequently, Josephson effect precur- 
sor phenomena cannot be excluded a priori. Finally, 
we note that these results set the s-wave symmetry 
as an important component of the order parameter for 
T >T C . This is the same conclusion already achieved for 
T < T c by recent experiments on the c-axis Josephson 
tunnelling across twisted Bi-2212 bicrystals4£ Further- 
more, our observation of a marginally incoherent tun- 
nelling in the c-axis direction could support the Klemm's 
interpretation^ of another twist tunnelling experiment^ 
in overdoped Bi-2212 whiskers, according to which the 
results by Takano et alM> are consistent with an s-wave 
symmetry accompanied by an intrinsically coherent c- 
axis tunnelling and a hot-spot Fermi surface. 



IV. CONCLUSIONS 

The high quality of the experimental data and the care- 
ful fitting procedure allowed us to show that the MT pro- 
cess can be the most important contribution to the su- 
perconducting fluctuations above T c in real systems and 
that microscopic parameters can be reliably extracted 
from the study of the paraconductivity. The inconsis- 
tency of more traditional alternative interpretations was 
also demonstrated. This gives an indication for an s-wave 
symmetry of the order parameter in Bi-2212 at T > T c . 
The revaluation of the MT process could also provide a 
physical mechanism for the appearance in underdoped 
samples of a single- particle excitation energy A p consid- 
erably greater than the coherence energy range A c of the 
condensed phased 
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